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This  report  summeilzes  the  status  of  work  performed  under  Tuk  1L6626I9AO6S04, 
Flame,  IncendiBry,  and  Fmoke  Tet^ology.  The  work  was  performed  during  dxe  period  of 
1 January  - 30  November  1976. 

Its  puNication  is  intended  to  place  in  tlie  hands  of  the  user  community  extinction 
spectra  of  common  military  smokes  and  the  means  for  interpreting  these  data  and  appl^ng;  them  to 
hardware  requirements  through  recently  developed  techniques  of  aerostd  spectroscopy. 

Extinction  data  such  as  those  reported  here,  combined  with  modeling  to  account  for 
svsteias  characteristics  such  as  spectral  response,  contrast  modulation  and  cloud  travel,  are 
fundamental  to  military  screening  and  countermeasuring  involving  electro-optical  systems  operating 
in  the  visible  and  infrared  wavelengths. 

The  use  of  trade  names  in  this  report  does  not  cemstitute  an  official  endorsement  or 
approval  of  the  use  of  such  commercial  hardware  or  software.  This  report  may  not  be  cited  for 
purposes  of  advertisement. 

Reproduction  of  this  document  in  vriiole  or  in  part  is  prohibited  except  with  the 
permission  of  the  Commander,  Edgewood  Arsenal,  Attn:  SAREA-TS-R,  Aberdeen  Proving  Ground, 
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INFRARED  EXTINCTION  SPECTRA  OF  SOME 
COMMON  LIQUID  AEROSOLS 


I.  INTRODUCTION. 


We  have  obtained  infrared  transnussion  data  and  extinction  spectra  for  four  common 
liquid-droplet  smokes  and  fogs  in  the  3-  to  5-  and  7-  to  13-jum  atmospheric  “window"  regions.  The 
materials  investigated  were  petroleum  oil  smokes,  smokes  from  burning  phosphorus,  sulphuric  acid 
smokes,  and  artificial  water  fogs  produced  by  condensing  steam.  In  addition,  spectra  were  run  at 
0.36  to2.3Sfin)  for  petroleum  oil  smokes  and  sulphuric  acid  smokes.  In  ail  cases,  measurements 
were  made  also  of  Uquid  droplet  concentration,  droplet  mass  median  diameter  (MMD)  and  its 
geometric  standard  deviation,  droplet  chemical  composition,  relative  humidity,  and  temperature. 
Where  multiple  scans  were  run,  averages  and  standard  deviations  of  experimentally  determined 
extinction  coefficients  were  computed. 


Petroleum  oil  smokes,  disseminated  by  thermal  generation  of  military  fog  oil,  are 
nearly  classical  scattering  smokes.  They  have  very  little  absorption  (small  imaginary  index  of 
refraction)  in  the  infrared.  Phosphoric  and  sulphuric  acid  smokes  are  strong  absorbers  in  the 
infrared,  particularly  at  longer  wavelengths  including  the  7-  to  13-/im  region,  where  nearly  all  the 
observed  extinction  is  due  to  the  imaginary  part  of  the  complex  refractive  index. 


Water  fogs  represent  a spectrally  hybrid  class  of  aerosols  which  in  typical  droplet  size 
distributions  are  good  scattereis  at  shorter  wavelengths  and  fairly  strong  absorbers  at  longer 
wavelengths.  In  the  7-  to  13-pm  region,  for  example,  the  contributions  to  total  extinction  of  water 
fogs  usually  is  divided  about  evenly  between  these  mechanisms.  When  thermal  equilibrium  is 
attained  between  a water-containing  cloud  and  its  environment,  the  emissivity  of  the  cloud 
approximates  its  absorptivity. 

Phosphoric  acid  smokes  were  generated  for  our  experiments  by  burning  red 
phosphorus  in  air: 


4P  + .502  = ^**2*^5 

2P2O5  + 6H2O  = 4H3PO4  (1-b) 

4H3PO4  + 4n  • H2O  = 4H3PO4  ^1120  (I'C) 


Equations  1-a  and  1-b  represent  chemical  reactions  with  atmospheric  constituents 
which  proceed  very  rapidly,  while  eq\iation  l-c  represents  equilibrium  hydration  of  acid  droplets  by 
atmospheric  humidity.  Typical  yields  of  acid  smoke  are  three  to  four  times  the  mass  of  phosphorus 
burned.  Sulphuric  acid  smokes  wen?  produced  by  spraying  a military  smoke  agent,  FS,  which  is  a 
solution  of  55%  SO3  by  weiglit  dissolved  in  45%  by  weight  chlorosiilfonic  acid.  When  FS  is  sprayed 
into  air  contaming  even  traces  of  moisture,  it  produces  nearly  pure  sulphuric  acid  droplets  plus  a 
fraction  of  hydrochloric  acid  which  quickly  dissipates.  Sulphuric  acid  smoke  is  extremely 
hygroscopic  and  attains  a droplet  acid  concentration  and  thus  a size  distribution  determined 
\ primarily  by  ambient  relative  humidity.  Most  sulphuric  acid  droplets  generated  in  our  trials 
J contained  between  30%  and  45%  by  weight  H2SO4. 


•V 


PiKMlng  page  Hank 


7 


II.  INSTRUMENTATION. 


Spectrtl  meMureir.enti  were  made  with  imtrumenta  which  were  optically  aligned 
through  diametrically  oppoaed  64ach  viewporta  in  a vertical.  22*cubiC’meter  cylindrical  theniially 
I'.isulated  iteel  teat  dumber  having  a tidbit  and  dinmetor  (optical  path  length)  of  3 meten. 
ti^dowa  of  1 .5  mil  (0.0038  cm)  polyethylene  film  were  uae«‘  where  neoeeury  witii  ptecauticu  to 
avoid  condenaation.  Two  dumber  fana  wens  run  during  obaervationr.  to  maintain  homogeneoua 
aeroao)  conoentrationa.  The  chamber  could  be  rapidy  exhauited.  It  had  proviaicn  for  water 
waah-down  of  die  internal  walls  between  trials  and  the  means  for  introduction  of  steam  if  required. 
A spectrally  scanning  radiometer,  described  in  an  earlier  paperl  and  modified  to  use  liquid  nitrogen 
cooling.  Wav  umU  to  obtaiii  spectra  in  the  3 - to  S-  imd  ?•  to  1 infrared  wavdength  regiona.  IlUa 
system  was  optically  aligned  upon  a water-jacketed  Mackbody  source  in  sonie  trials  and  upon  a 
blackened  hotplate  source  in  other  trials  where  higher  ladiom^c  signal  levels  were  desired.  While 
extinction  coefficients  repeated  here  were  obtained  primarily  from  “'active”  transmi^on  spectra 
taken  with  a 400^C  hotplate  source,  it  was  also  posdMe  to  adjust  the  temperatures  of  the 
radiometer’s  internal  reference  blackbody  nnd  the  water-jacketed  cone  on  the  opposite  side  of  fire 
chamber  so  that  only  emission  signals  from  samples  present  in  the  chamber  were  recorded.  Such 
"passive”  measurements  produced  some  very  interesting  results,  particularly  for  condensing  steam 
clouds,  which  will  be  the  subject  of  a subseciueitt  paper. 


Also  aligned  across  the  chamlur  were  a HeiNe  laaer  (0.63  pm)  with  a power  meter 
detector  and  a modified  prism  spectrophotometer  with  a chopped  tungsten  lamp  source  to  scan  the 
0.36-  to  2.35-pm  wavelength  region.  Aerosol  samples  were  drawn  off  periodically  for  analysis  during 
the  trials.  Some  of  these  samples  were  run  through  Anderson^  cascade  samplers  ndiich  impacted 
particle  fractions  of  known  size  ranges  onto  a series  of  eight  preweighed,  stainless  steel  plates.  The 
total  mass  of  aerosol  deposited  on  each  plate  was  determined  gravimetrically  and  a chemical  analysis 
for  the  mass  of  active  component  was  also  performed.  An  absolute  filter  following  the  plates 
trapped  residual  fine  particles  for  analysis.  A separate  filter  probe  with  calibrated  airflow  allowed 
total  mass  samples  to  be  taken  during  trials  for  immediate  weighing  and  determination  of  aeroaol 
mass  concentration.  Through. suitable  calibratiem  and  procedures,  it  was  possible  to  obtain  good 
particle  size  and  gravimetric  data  even  for  water  fog  droplets  where  evaporation  of  samples  was  an 
obvious  complications  Commercial  automatic  (optical  scattering)  particle  size  measurement 
instrumentation  was  available  but  not  applicable  and  was  not  used  because  of  the  high  aerosol 
number  concentrations  needed  for  many  of  the  measurements  reported  herein. 


Humidity  was  determined  by  wet/dry  bulb  and  gravimetric  measurements. 
Thermocouple  and  thermistor  networks  were  used  for  temperature  measurements.  Data  were 
acquired  directly  pn  analog  tape.  Cross-computations  with  theoretical  calculations  (Mic  theory)  were 
performed  for  those  smoke  materials  for  wldch  precise  complex  refractive  index  data  were  available. 
By  such  comparisons,  the  technology  basi;  and  predictive  modeling  capabilities  were  expanded  at 
the  same  time  that  experimental  data  were  being  collected  for  reference  purposes. 

III.  PROCEDURE. 


A smoke  agent  was  generated  and  the  resulting  smoke  was  stirred  by  the  chamber  fans 
for  several  minutes  to  produce  a homogeneous  smoke  concentration  and  size  distribution.  Spectral 
scans  were  run  and  data  recorded  while  simultaneous  measurements  were  made  of  particle  size 
distribution  and  droplet  mass  concentration.  Repeated  measurements  were  made  by  venting  the 
chamber  stepwise  to  lower  smoke  concentrations.  At  the  conclusion  of  a trial,  the  chamber  was 
exhausted,  washed  down  if  necessary,  and  rented  with  ambient  air. 
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P«)trol«um  oU  smokiM  were  thermally  generated  uaint  either  a pyrotechnic  generator 
. . ^ whicdi  produced  diopleta  in  tiie  O.SrMm-diameter  range  or  by  droptring  onto  r hot  furface  which 
reeulted  in  a larger  droplet  lize  diatribution  haring  an  MMD  of  approximately  :•  .4  pm.  Phoiphodc 
acid  amoket  were  generated  by  burning  prewelidMd  samplei  of  red  phoairfiorua  (RP)  in  air.  **FS" 
was  mnay^generated,  and  the  resulting  product  was  nearly  pure  sulidiuric  add. 

Water  fog  was  generated  by  first  introdudng  steam  into  the  preheated  chamber  to 
achieve  the  desired  droplet  concentration,  and  then  allowing  slow  cooling  to  sustain  saturation 
humidity.  In  addition  to  the  gravimetric  and  impactor  techniques  already  mentioned,  a mediod  was 
developed  to  determine  effective  droplet  diameter  bas^  upon  aimultaneoua  He:Ne  laser 
tranamittanoe  readings  at  0.63  pm  and  radiometer  tranamittancea  in  the  8- to  13>pm  wavelength 
region.  This  technique  recently  was  reported  in  Applied  Optics.^  After  an  extensive  search  of 
infrared  complex  reactive  index  data  in  the  literature,  the  values  of  Hale  and  Querry^  (n  - ik)  were 
selected  for  aO  tubaequent  Mie  calculations  for  water.  These  data  have  given  ccmsiatently  good 
agreement  between  dieoretical  and  experimental  results. 


In  tome  nonequilibrium  conditions  created  in  the  chamber  \riien  fogs  produced  by 
condenring  steam  were  allowed  to  cool,  indications  were  seen  of  a bimodal  distribution  composed 
of  smaller  droplets  having  diameters  in  the  d.l'to0.2*pm  range  and  those  of  about  8*  to  10^ 
diameter.  The  smaller  drops  were  presumed  to  be  trying  to  grow  on  ambient  condensatirm  nuclei  to 
larger  diameters,  but  without  sufficient  water  to  do  so.  Initially,  these  censtituted  less  than  10%  of 
total  mass  liquid  water  (droplet)  concentration,  but  in  prolonged  cooling  trials  their  mass  sometimes 
reached  70%  or  more  of  total  droplet  concentration  as  the  8*  to  10*pm*diameter  fraction  dissipated. 
Their  presence  was  deduced  from  simultaneous  radimneter,  laser,  and  gravimetric  readings. 
Eventually,  presumably  at  Ute  point  vriiere  saturation  humidity  could  no  longer  be  maintained  in 

Othe  chamber  due  to  fog  coding,  the  0.1<to0.2-pm-diameter  droplet  fraction  disappeared 
spontaneously  and  almost  instantaneously.  This  could  be  observed  most  dramatically  when  the 
radiometer  was  operating  in  the  “passive”  mode  with  the  watcHacketed  c<me  blackbody  as  its 
source  (target).  In  such  cases,  frie  radiometric  (emission)  signal  from  the  cooling  cloud  dropped 
stepurise  \ hen  the  small  droplet  fraction  disappeared,  presumably  by  evaporation.  Water  remains 
one  of  the  most  difficult  liquid  aerosols  to  measure  meaningfully  and  precisely.  Its  behavior  and 
radiometric  activity  in  transitions  between  the  vapor  and  liquid  states  is  only  recently  banning  to 
be  understood. 


IV.  EXPERIMENTAL  DATA. 


The  first  data  presented  are  those  for  military  fog  Figures  1 through  3 show 
extinction  coefficients  for  the  visible  and  near  infrared  (0.36  to  2.35  pm),  intermediate  infrared 
(3  to  5 pm),  and  far  infrared.  (7  to  13  pm)  regions,  respectively.  These  oil  smokes  were  of  the 
“normal”  type,  having  MMD’s  of  0.58  pm  (a.«  1.45)  such  as  ml|^t  be  expected  from  a.  wide 
variety  of  oil  smoke-producing  sources  found  in  me  daily  environment.  An  extinction  coefficient  of 
about  5.0  m^/gm  is  found  at  0.8-pm  wavelengm,  representing  a very  large  extinction  value  arising 
almost  entirely  from  Mie-type  scattering.  The  extinction  coefficient  falls  rapidly  with  increasing 
wavelength  until,  in  the  7- to  13-pm  region  of  figure  3 (which  averages  two  scans),  almost  no 
extinction  is  evident.  OU  droplets,  except  for  a few  narrow  bands  shown  by  dashed  lines  in  figure  2 
near  3.S-and4.3-pm  wavelengths  which  are  shared  by  me  polyethylene  chamber  windows,  have 
very  little  spectral  absorption  here.  By  using  me  hotplate  memod  described  earlier,  larger  droplet 
sizes  were  obtained  for  the  oil  smoke  curves  of  figures  4 throuidt  6 where  me  MMD  was  3.4  pm 
(Og  B 1 .7).  Because  of  me  larger  and  broader  droplet  size  distribution  for  these  samples,  a tmallcr 
peak  extinction  is  found  in  the  visible,  but  extinction  by  scattering  is  enhanced  at  longer 
wavelengths,  especially  in  me  7-  to  1 3-pm  region. 


9 


EXTINCTION  COEFFICIENT  (m^/i 
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Figure  3 . Experiin«nt«l  Datii  Petroleum  Oil  Smoko,  Average  of  Two  Scans,  0.58-pm  MMD 

, EXPERIMENTAL  DATA:  FOG  OIL 

3,00  i»i  CL  • 0.30  gm/m^ 

MMD  - 3.4  pm 

* k - 1.7 


fi  2.80 


DROP  CONCN.  - 100% 


WAVELENGTH  (pm) 

Flgiue  4.  Experimental  Data,  Petroleum  Oil  Smoke.  3.4-pm  MMD 


Compaitd  to  oil  iutioke,  phosphoric  acid  smoke  shows  more  infrared  absorption, 
especially  in  the  7- to  13-pm  region  (flgures  7 and  ij).  In  figure  8,  averages  are  snown  for  scans  run 
V ' at  5 CL  values.  The  MMD’s  of  1.13  and  1.2  pm  (Og  "1.4  and  1.7)  arc  sufficiently  small,  as  will  be 
shown  presently,  to  allow  these  smokes  to  behave  almost  as  pure,  Rayleigh-region  absorbers  in  the 
far  infrared.  Therefore,  the  spectral  features  of  figure  8 are  very  similar  to  those  that  would  f>c 
observed  in  a liquid  film  absorption  spectrum  of  the  materisl  comprising  the  droplets  themselvw-  in 
this  case,  about  65%  by  weight  phosphoric  acid.  The  peaks  near  8 and  10  pni  are  ch,«racterist»c  of 
phosphorus-oxygen  compounds  in  this  vravelength  region,  while  the  tail  from  1 1.5  to  14  pm  arises 
primarily  from  the  water  content  of  the  droplets.  The  relative  shapes  of  such  curves,  therefore,  are 
very  useful  in  deducing  droplet  acid  concentrations  or  hydration  levels. 


•1 


Figure  7.  Experimental  Data,  Phosphorus  (Phosphoric  Acid)  Smoke.  I .IS-pm  M¥D 
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EMHENMIilllTALOATA:  RP 


7 8 9 10  11  12  13  14 

WAVELENGTH  <|im) 


Figure  8.  Experimental  Dtu,  Photphonn  (Phosphoric  Add)  Smoke, 
Avenife  of  Five  Scam,  1 .2^pm  hOID,  Estimated 


Figures  9 through  1 1 show  the  data  obtained  for  two  typical  trials  using  agent  “FS”  to 
generate  sulphuric  acid  smokes  which  in  these  triaU  contained  38%  and  44%  acid  by  weight  in  the 
average  droplet.  The  MMD's  of  0.78  and  0.8S  im  {o^  • 1.41  and  1.5)  an  smaller  than  those  for 
phosphorus  smokes,  but  their  extinction  coefficients  an  comparable  as  shown  for  data  excerpts 
from  figures  7 and  8.  In  figure  1 1 , it  can  be  observed  that,  b^use  of  the  greater  hydration  of 
sulphuric  acid  smoke  in  this  trial,  the  water  tail  from  10  to  14  fan  is  mon  pronounced  than  that 
shown  in  figure  8 for  phosphoric  acid  smoke. 

Figures  1 2 throu^  1 5 present  data  for  water  fogs  formed  by  condensing  and  cooling 
steam  down  to  30“ C. 


14 


EXTINCTION  COEFFICIBIT  fn^/pn) 


EXTINCTION  COEFFICIENT  {n^tn  EXTINCTION  COEFFlCIfeNf 


Figure  IS.  Experimental  Data,  Water  Fog,  Average  of  Five  Scam,  Estimated  S-ftm  MMD, 

100%  RH,  Drop  Concn  - 100%  H2O 

Note  relative  independence  of  extinction  coefOdent  upon  droplet 
size  (i.e.,  small  error  for  multiple  samples)  near  12.S-i<m  wavelength. 


In  the  3*  to  S-tim  wavelength  region  where  droplet  scattering  still  predominates  but  absorption  is 
beginning  to  be  a factor  toward  longer  wavelengths,  the  resulting  extinction  is  quite  flat.  In  the 
7- to  \ 3-nm  region  (figure  13),  a minimum  is  measured  in  extinction  coeffident  near  ll.l-pm 
wavelength  where  water  has  a very  low  real  refractive  index  value  (about  1.1).  In  this  region  the 
contributions  of  droplet  scattering  and  absorption  are  roughly  comparable  as  components  of  the 
total  extinction.  The  tail  in  figure  13  from  10>to  13-pm  wavelength  can  be  compared  to  those  of 
figures  8 and  1 1 where  water  of  hydration  was  a droplet  constituent.  In  limited  trials  conducted 
with  water  fogs  on  hygroscopic  salt  nuclei,  salts  appear  to  act  mainly  to  dilute  the  water  component 
in  the  sense  that  most  salts  are  spectrally  inactive  at  7-  to  13-pm  wavelengths  whereas  water,  a good 
absorber,  now  comprises  a mass  fraction  of  each  drop  less  than  the  1.0  value  of  fogs  or  condensed 
steam.  As  a result,  optical  extinctiom  in  this  region  tend  to  be  lower  for  fogs  of  high  salt  content 
than  for  fogs  of  “pure”  water.  At  the  same  time,  dissolved  salts  tend  to  reduce  the  equilibrium 
MMD  of  the  resulting  aerosol,  and  this  produces  more  Rayldgh-like  scattering  behavior  at 
7- to  13ium  wavelengths  so  that  droplet  water  absorption  then  predominates.  The  subtle  interplay 
between  aerosol  droplet  water  content,  resultiitg  equilibrium  size  distribution  and  spectral 
extinction  are  extremely  varied,  and  since  ambient  humidity  and  temperature  vary  temporiily,  so 
do  residting  optical  extinctions  of  aerosols  which  have  lifetimes  comparable  to  the  periods  of  such 
variations.  At  the  other  extreme,  millisecond  variations  which  occur  in  the  droplet  condensation 
and  initial  growth  processes  can  be  studied  spectrally  with  hi^-speed  infrared  iratiumentatian  now 
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becoming  available.  Decauae  of  tiie  complexity  of  water  in  the  important  7-  to  13-#on  atmoapheric 
"window**  region  and  the  availability  of  equipment  for  its  study,  measurementa  in  this  area  are 
being  planned. 

In  figures  14  and  1 5,  averaged  infrared  spectra  are  shown  for  five  artifldal  water  fogs 
under  widely  differing  conditions.  While  HMD’s  were  near  8ium  and  RH  was  near  100%  in  each 
case,  other  parameters  were  not  suflidently  consistent  to  be  noted  on  the  curves.  Rather,  figures  14 
and  15  arc  included  to  show  the  range  of  extinction  coeffidents  in  randoinly^>ccurring  water  fogs 
and  that  the  magnitude  of  expected  extinction,  thou^  predictiWe,  may  vary  by  perhaps  ±30%  or 
more.  Considerable  significance  is  attributed  to  the  rather  narrow  error  distribution  near  1 2.5-^ 
wavelengtlk  (figure  1 5)  where  extinction  coeffidente  for  the  fogs  studied  showed  a consistency  of 
±10%.  In  the  following  discussion,  this  will  be  shown  to  be  experimental  evidence  appearing  to 
substantiate  Mie-theory  computer  predictions  that  at  spedfic  wavelengths  in  the  infrared  extinction 
cocffidents  would  be  nearly  independent  of  droplet  size  cBstribution.  This  indicate  that  a simple 
transmissometer  operating,  for  examine,  at  12.5  pm  should  be  directly  calibratible  in  liquid  water 
content  of  its  optical  path.  Thus,  a simple  solution  is  suggested  to  a long-standing  problem  in 
meteorological  measurements. 

V.  DISCUSSION  OF  RESULTS. 


Complex  refractive  index  data  in  the  infrared  exist  in  the  literature  for  two  of  the  four 
aerosol  materials  which  were  evaluated,  i.e.,  water*  and  spedfic  dilutions  of  sulphuric  acid.5  Water 
can  be  considered  the  ultimate  dilution  case  for  an  add  aerosol.  Hie  theory  calculations  had 
predicted  expected  scattering,  absorption,  and  total  extinction  of  aerosol  clouds  for  spedfled 
droplet  size  distributions  if  refractive  indices  were  known.  These  could  be  compared  directly  to 
experimental  data  for  error  analysis.  The  system  water/sulphuric  acid  suggested  itself  as  the  basis  for 
a series  of  parametric  studies  leading  to  an  experimentally  verified  predictive  modeling  capability 
for  smokes  and  aerosols  of  njany  kinds.  Pure  water  droplets  in  artificial  fogs  had  HMD’s  in  the 
8-  to  10-pm-diameter  range,  while  concentrated  sulphuric  acid  nuclei,  depending  upon  the  method 
of  their  generation,  can  have  sizes  ranging  toward  Aitken  diameters  of  0.1  pm  or  less.  Between  these 
extremes  lies  an  infinite  range  of  dilutions,  each  of  which  will  produce  equilibrium  droplet  vapor 
pressures  favoring  some  droplet  size  distribution.  Furthermore,  existing  droplets  can  be  modified 
in  situ,  simply  by  hydrating  them  using,  for  example,  steam.  Each  hydration  produces  a irger 
cquaibrium  droplet  size,  with  attendant  changes  in  spectral  extinction  characteristics.  The  systctn  is 
nearly  ideal  to  produce  artificial  clouds  or  smokes  for  verification  studies. 

Computer  curves  such  as  figure  16,  vriiich  indicate  predicted  extinction  versus  droplet 
size  for  25%  by  weight  sulphuric  acid  droplets  at  an  illumination  wavelength  of  10  pm,  thus  can  be 
used,  for  example,  with  figure  1 1 (for  38%  acid  drops)  to  determine  agreement  between  predicted 
and  measured  extinctions  at  a 10  pm  wavelength  for  actual  particle  HMD’s  or  distributions.  In 
figure  16,  the  actual  HMD  of  0.85  pm  would  Ue  sU^tly  to  the  left  of  the  plot,  the  region  vriiere 

**  *T‘ 


The  flattening  of  the  solid  (aj)  curve  of  figure  16,  combined  with  the  merging  of  this 
curve  with  the  dashed  (c^  - absorption  component)  curve  toward  smalier  particle  sizes,  shows  that 
the  extinction  spectrum  at  10pm  wavelength  for  this  smoke  ndiich  has  an  HMD  near  1 pm  should 
be  about  99%  due  to  droplet  absorption.  The  extinction  of  this  smoke  at  10  pm  wavelength 
therefore  approximates  the  absorption  of  the  liquid  droplets  comprising  it. 
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Figure  16.  Computed  Curves  from  Data  of  Palmer  and  Williams^  for  25%  H2SO4 
Droplet  Aerosol,  Showing  Total  Extinction  Coefficient,  Absorption,  and  Scattering 
Contributions,  As  Functions  of  Droplet  Diameter,  Wavelength  ^10  fun 


Data  comparisons  of  this  type  were  performed  for  a wide  range  of  droplet  acid 
concentrations.  Figure  1 1 (for  38%  acid  droplets)  can  be  compared  to  figures  1 7 through  22  which 
are  computer-generated  extinction  coefficient  curves  based  upon  the  refractive  index  data  of  Palmer 
and  Williams^  and  for  a (monodisperse)  Ifx  droplet  diameter.  This  diameter  is  close  to  that  obtained 
experimentally  for  sulphuric  acid  smokes,  e.g.,  0.8S  ftm.  The  similarity  between  figures  1 1 and  18, 
both  for  38%  acid  droplets,  is  particularly  interesting.  While  real  aerosols  are  not  monodisperse,  the 
assumption  of  a constant  droplet  size  in  figures  1 7 to  22  does  not  introduce  significant  error  if  the 
droplets  are  small  compared  to  wavelength  as  they  are  in  this  case.  Figures  1 7 to  22  also  indicate  the 
extreme  nonlinearity  of  absorption  or  extinction  coefficient  at  specific  wavelengths  that  would 
result  if  this  coefficient  were  plotted  against  droplet  acid  concentration.  At  a wavelength  of  10  pm, 
for  example,  aj  is  0.16  m^/gm  both  at  25%  and  at  84.5%  acid  concentration.  These  effects,  due  to 
varying  hydrogen  bonding  in  the  aerosol  droplet  solutions,  dictate  that  each  dilution  of  the  acid 
must  be  treated  as  a unique  material  for  purposes  of  measurement  of  complex  refractive  index  in 
this  wavelength  region. 
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I^gun  19.  Computed  Extinction  Coeffldent  Spectrum  from  Data  of  Palmer  and 
' ' ^ WilUams>  for  50%  H2SO4  Droplets.  I Micron  Diameter 

® ® r XN  OOMWTED  SPECTRUM;  7B%  H»S04 


WAVELENGTH  (jim) 

9.  Computed  Extinction  Coeflldent  Spectrum  from  Data  of  Palmer  and 
Williams^  for  75%  Sulphuric  Add  Droplets,  1 Micron  Diameter 


Figure  21 . Computed  Extinction  Coefficient  Spectrum  from  Dau  of  Palmer  and 
WilUamt^  for  84.5%  Sulphuric  Add  Droplets,  1 Micron  Diameter 


Figure  22.  Computed  Extinction  Coefficient  Spectrum  from  Data  of  Ftibner  and 
Williama^  for  95.6%  Sulphuric  Add  Droplets,  1 Micron  Diameter 


With  such  panmetfic  complexity,  it  is  not  lurptiiing  that  the  spectral  behavior  of 
liquid  aeroaob  in  the  infrared  is  only  recently  becoming  understood.  Yet,  comparisons  of  good 
experimental  data  to  computed  extinction  coefficients  derived  from  precise  refractive  index  data 
have  consistently  given  good  agreement.  The  error  between  measured  and  calculated  values  for  the 
system  water/sulphuric  acid  b about  120%,  and  in  selected  cases  as  good  as  110%,  over  wide 
spectral  regions  «uch  as  the  7- to  13-Mm  'Nvindow.”  Therefore,  predictive  modeling  at  least  of  acid 
droplet  aerosols  should  be  possible  with  precision,  ^ven  that  good  refractive  index  data  are 
available.  Figures  23  throu^2S  depict  the  results  of  comparative  studies  of  computed  versus 
experimental  values  of  extinction  coefficient  for  an  aerosol  having  a CL  (product  of  droplet 
concentration,  C,  gm/m^,  and  path  length,  L,  m)  of  7.77  gm/m^  and  a droplet  acid  concentration 
averaging  38%.  By  subtracting  computed  from  experimental  extinction  coefficients  for  various 
droplet  concentrations,  “differential**  extinction  coefficient  plots  are  obtained  such  as  those  in 
figure  23  through  25.  The  curves  show  that  best  agreement  b obtained  between  computed  and 
experimental  data  for  the  case  shown  by  figure  24  where  experimental  and  programmed  acid 
droplet  concentrations  were  very  nearly  the  same.  In  this  case,  the  experimental  results  agreed  with 
computed  values  (using  the  refractive  index  data  of  Palmer  and  Williams^)  to  within  ±15%. 


Figure  23.  Differential  Extinction  Coefficients  for  25%  Sulphuric  Acid  Droplet 
Aerosols,  Obtained  by  Subtracting  Computed  from  Experimental  Spectra 
for  a Real  Aerosol  CL  = 7.77  gm/m^ 
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^igun  24.  DUTerential  Extinction  OoefficiMt*  for  38%  Sulphuric  Acid  Droplet 
' A^vosoiK,  OKtelned  by  Subtncting  Computed  from  Experimental  Spectra 
< for  Real  Aeroaol  CL  ■ 7.77  pn/m^ 

Note  beat  agreement  (n^eit  error)  for  figure  24  compared  to  figure*  23  apd  25. 
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Figure  2S.  Differential  Extinctton  Coefficienta  for  50%  Sulphuric  Add  Droidet  Aeroaob, 
Obtained  by  Subtracting  Computed  from  Expotmental  ^ecM 
for  Real  Aeroaol  CL  • 7.77  gm/m^ 
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Results  obtained  with  sulphuric  acid  smokes  indicate  clearly  that  in  Rayleigh’type 
aerosol  scattering  situations  where  droplet  absorption  predominates  heavily  over  refractive 
scattering  in  determining  overall  extinction,  two  extremely  useful  approximation  equations  can  be 
applied: 


S£  afij)  »» ajp 

(D^«X) 

(2) 

a (CL)/p 

(D^«X) 

(3) 

For  example,  the  acid  smoke  of  figure  1 1 is  behaving  almost  as  a pure  absorber  since 
figure  16  is  representative  of  sulphuric  acid  smokes  in  the  7- to  IS-^m  region  (specifically,  the 
10-/im  wavelength),  and  differences  in  spectral  behavior  between  droplets  of  23%  acid  and  38%  acid 
are  not  large.  Figure  16  indicates  an  extinction  coefficient  of  about  0.25  m^/gm  due  almost  entirely 
to  absorption  (dashed  curve)  for  the  0.85-/im  MMD  of  this  smoke.  At  the  sair  time,  the  scattering 
contribution  to  extinction  (dotted  curve)  is  about  0.0025  m^/gm.  Since  D^«X,  equations  2 
and  3 will  apply. 

Equation  2 states  that  for  such  smokes  the  absorption  coefficient  of  a liquid  film  of 
the  aerosol  droplet  material,  expressed  in  units  (/im)*! , will  be  nearly  identical  to  the  absorption 
component  of  aerosol  extinction  coefficient  (m^/gm)  times  the  density  (gm/cc)  of  the  liquid 
comprising  the  droplets,  and  will  approximate  ^e  product  of  total  extinction  coefficient  (m^/gm), 
times  the  density.  The  units  chosen  produce  the  correct  numerical  value  directly.  Since  the 
imaginary  index  of  the  droplet  liquid  is  related  to  kj^  by  the  term  4ir/j^,  aerosol  measurements  can 
be  used  directly  to  obtain  imaginary  refractive  indices  of  the  droplet  liquid.  This  technique  allows 
refractive  index  approximations  to  be  made  in  the  absence  of  directly-measured  values.  Conversely, 
we  have  used  thin-film  measurements  successfully,  in  work  with  phosphoric  acid,  to  predict  behavior 
of  smokes  of  this  material. 

Equation  3 states  that  where  Rayleigh-type  conditions  exist,  the  spectral  equivalent  of 
a droplet  cloud  is  a liquid  film  of  thickness  t (/urn),  numerically  equal  to  the  CL  of  the  cloud 
(gm/m^)  divided  by  droplet  liquid  density  (gm/cc).  Thus  the  smoke  cloud  of  figure  1 1 could  have 
been  simulated  spectrally  by  a liquid  film  of  38%  H2SO4,  2.3  ^m  in  thickness  since  the  CL  was 
3.0gm/m^  and  the  acid  density  was  1.29  gm/cc.  In  cataloging  transmittance  spectra,  such 
equivalent  film  thicknesses  can  be  used  to  label  families  of  curves  in  a meaningful  and  useful  way. 
For  example,  the  smoke  of  figure  1 1 or  its  equivalent  2.3  urn  liquid  film  would  have  a transmittance 
of  about  0.47-  at  \0-nm  wavelength.  In  a spectrophotometer  cell,  the  spectral  features  of  an  aerosol 
cloud  can  be  duplicated  by  scanning  its  equivalent  liquid  film  thickness  corrected  for  cell  window 
effects.  Spectrophotometer  cells  have  been  constructed  in  the  laboratory  having  window  spacings  of 
only  a few  micrometers  ()um),  with  success.  The  procedure  is  less  demanding  for  materials  which  are 
optically  transparent  compared  to  acid  solutions. 

Agreement  between  theory  and  experiment  was  obtained  of  the  same  precision  for 
water  fogs  as  for  acid  smokes.  The  refractive  indices  of  Hale  era/. ^ allow  computation  of  curves 
such  as  figure  26.  Since  both  are  for  the  lO-nm  wavelength,  figure  26  can  be  compared  directly  to 
figure  16.  Because  of  their  small  (typically  0.85 /im)  MMD’s,  sulphuric  acid  smokes  in  the  far 
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infrared  are  nearly  Rayleigh  scatteren,  but  water  fogs  with  their  typical  8-  to  10-Mm  MMD’s  are  Mie 
, scatterers,  and  equations  2 and  3 cannot  be  usefully  applied  to  them.  However,  this  complication 
. ^ suggests  some  interesting  techniques  for  water  droplet  size  determination  and  for  the  measurement 
of  aerosol  liquid  water  content  in  the  two  examples  which  follow. 


DIAMETER  im) 


Figure  26.  Computed  Curves  from  Data  of  Hale  et  al^  for  Water  Fog, 
Showing  Total  Extinction  Coefficient,  Absorption,  and  Scattering 
Contributions,  As  Functions  of  Droplet  Diameter,  Wavelength  = 10  Mm 
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Figure  27  relates  optical  transmittance  of  water  aerosoto  at  the  He:Ne  wavelength  of 
0.63  Mm  (where  nearly  all  extinction  is  due  to  scattering)  to  transmittance  at  a ocmiposite  of 
wavelengths  representing  the  8.5  to  12.57  spectral  region  (where  real  index  scattering  and 
droplet  absorption  contribute  about  equally  to  total  extinction).  The  curves  are  calculated  from  the 
indices  of  Hale  and  Querry^  for  monodisperse  fogs  of  drpplet  diameters,  as  labeled  on  the 
curves.  The  points  represent  experimental  data  for  condensed,  cooling  steam  at  30°  to  35°C  for  a 
wide  range  of  CL  values.  They  cluster  along  the  curve  for  D^sS^m,  approximating  mean 
diameters  deduced  from  other  measurements.  From  such  observations,  generally  useful  equations 
and  techniques  have  evolved  and  some  have  been  reported  in  reference  2. 
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Figure  27.  Computed  Curves  Relating  Visible  to  Far  Infrared  Optical 
Transmittance  of  Water  Fog,  Showing  Experimental  Data  Points  for 
Condensed,  Cooling  Steam  Gouds 


Note  that  data  points  cluster  along  the  curve  D^  = 8 Mm,  in  good  agreement 
with  gravimetric  data  from  the  same  experiment. 
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Rguie  28  ^ows  a series  of  total  extinction  coefficient  curves  calculated  for  various 
droplet  diameters  using  tiie  refractive  indices  for  watw  of  Hale  and  Querry.^  It  was  noted  that 
because  of  the  manner  in  which  the  contributions  of  refractive  and  absortive  (real  and  imaginary 
index)  extinction  components  of  water  drops  combined,  as  functions  of  droplet  size  and 
wavelength,  that  total  optical  extinction  coefficients  occurred  at  certain  wavelengths  which  were 
virtually  independent  of  droplet  size. 


DIAMETER  (Min) 

Figure  28.  Computed  CXirves  from  the  Data  of  Hale  et  al.^  for  Water  Fog 
Relating  Total  Optical  Extinction  to  Droplet  Diameter  for  a Variety  of 
\^ible  and  Infrared  Wavelengths 

Note  independence  of  extinction  upon  droplet  size  at  12.5-Mm 
wavelength  (see  figure  15). 
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Many  wavelengths  were  computed,  some  of  which  are  Included  in  figure  28,  seeking  those  which 
would  give  the  flattest  povible  characteristic.  Such  a wavelength  was  found  at  12.5  tm,  which  is 
fortuitously  in  a widely-used  infrared  atmo^>heric  window  region.  Experimental  data  for  a wide 
variety  of  water  fogs  seemed  to  confirm  the  relative  insensitivity  of  ^e  extinction  at  this 
wavelength  to  changing  droplet  size  distributions  (see  figure  IS).  Results  indicated  that  a simple 
transmissometer  operating  at  12.S  pan  was,  in  fact,  an  atmospheric  total  liquid  water  monitor  v^ich 
could  be  calibroted  directly  in  mass  concentration  (e.g.,  gm/m^)  of  liquid  water  content.  Owing  to 
droplet  size  insensitivity,  such  a device  should  integrate  water  droplets  of  all  sizes,  possibly  as  small 
as  molecular  clusten  and  up  to  1 S-Mm  diameter  (or  larger,  with  decreased  precision),  into  a single 
water  content  result.  Two  patent  disclosures  were  filed  covering  the  technique  and  an  apparatus  for 
this  purpose.^  The  total  extinction  coefficient  for  liquid  water  content  can  be  read  from  figure  28 
as  approximately  0.25  m^/gm.  The  technique  suggests  a simple  solution  to  the  meteorologist’s 
long-standing  problem  of  measuring  total  liquid  water  content  under  a variety  of  circumstances  such 
as  observing  developing  ground  fogs  or  in  making  cloud  measurements  from  airborne  platforms.  An 
accompanying  realization  was  that  a wide  variety  of  active  and  passive  infrared  instruments  already 
operating  at  the  1 2.5*um  wavelength  might  be  effectively  monitoring  total  liquid  water  content, 
plus  water  vapor  and  other  atmospheric  constituents,  in  their  optical  paths. 
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GLOSSARY 


«X 


*T 


Tenni  and  aymbolt  used  in  the  figures  and  equations  of  diis  paper  are  as  follows: 
Mass  extinction  coefficient  due  to  absorption  at  wavdengdi  X,  m^/gm 

ox-(l/CL)lnOnrx) 

Man  extinction  coefficient., m^/gm,  consisting  of  die  absorptitm 
component  of  extinction  (a^)  >^ch  arises  from  the  ima^ary 
index  of  refreaction,  plus  dhe  scattering  component  of  extinction 

<®S> 


C 

Drop  Goncn. 


Aerosol  droplet  concentration,  gm/m^ 

Concentration  of  major  constituent  in  average  droplet,  mass 
percent 


(I/Jo)x 


kx 


L 


X 

MMD 

RH 


O.Og 


T 

T 


P 


Droplet  diameter,  iim 

Ratio  of  transmitted  energy  at  illuminatron  wavelength  X,  with 
aerosol  sample  in  the  optical  path  to  thi'  ^ ansmitted  prior  to 
sample  introduction;  i.e.,  aerosol  cloud  transmittance  at  that 
wavelength,  unitless 

I 

I Absorption  coefficient  of  the  liquid  comprising  and  aerosol 
I droplet  at  wavelength  X,  (pm)'^ 

' Optical  path  length,  m 

Illumination  wavelength,  pm 

Mass  median  diameter  of  aerosol  droplet  size  distribution,  pm 
Relative  humidity,  percent 

Geometric  standard  deviation  of  aerosol  droplet  size  or  extinction 
coefficient  distribution,  unitless 

Optical  transmittance  through  an  aerosol  cloud,  unitless 

Precipitable  water  content  of  liquid  in  optical  path,  expressed  as 
an  equivalent  liquid  film  thickness,  prec.  pm 

Density  of  droplets  comprising  aerosol  cloud  (each 
droplet)  gm/cm^ 
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